. In that study, adaptarecent activity, on time scales ranging from milliseconds tion with a dot field moving in the null direction strongly to minutes. Changes in responsiveness over short time enhanced the response to a subsequent test stimulus, scales are found in many neurons, but adaptation to whereas preferred adaptation reduced responsiveness. prolonged stimuli-a term we will reserve for effects Other reports of adaptation in the visual motion-prolasting many seconds or minutes-is not universal. The cessing pathway have focused on the retina (Barlow responses of neurons in primary visual (Maffei et Giaschi et al., 1993) . In all of these studies, the effect al., 2002) cortex are altered by adaptation with stimuli of adaptation was evaluated with stimuli of a single conthat have no effect on the subsequent responsivity of trast, making it difficult to distinguish between effects subcortical neurons (Ohzawa et al., 1985; Bonds, 1991;  involving changes in neuronal response gain and conbut see Chander and Chichilnisky, 2001). In V1, adaptatrast gain. This distinction is important: a change in retion is associated with a prolonged hyperpolarization sponse gain involves a reduction in the cell's ability to that is not of synaptic origin, suggesting that the mechafire at high rates and may simply reflect a deleterious nism of adaptation lies largely within the adapted neuron fatigue; a change in contrast gain or sensitivity, on the 
1985). ties desirable for understanding the neuronal basis of
To determine how MT responses adapt to prolonged perceptual adaptation. Also, studying adaptation in stimulation, and whether changes in response strength higher sensory areas provides an opportunity to learn are caused by changes in response gain, contrast gain, or both, we measured the effect of adaptation on the subsequent response to stimuli of varying contrast. Ad-aptation strongly reduced the responsiveness of MT cells, primarily (though not exclusively) by changing contrast gain. Because similar adaptation effects have been described in V1, an area from which MT receives substantial direct and indirect input (Maunsell and Van Essen, 1983b), we wished to learn whether the effects we observed in MT were direct effects occurring in that area or could be explained by effects inherited from V1. We reasoned that in the latter case, adaptation would be limited in spatial extent by the size of receptive fields in V1. We found that the effect of adaptation was indeed spatially specific within the RF, consistent with contrast gain regulation occurring early in the visual stream, or at least prior to synaptic integration within MT cells. 
Results
We recorded from 101 single MT units in 15 anesthetized, paralyzed macaque monkeys. All cells had RFs within 25Њ of the fovea, and most were within 15Њ. an adjustment of response gain ( Figure 1B) , whereas a change in c 50 indicates a horizontal shift of the contrast response function or an alteration in contrast gain (Figure 1B) . A change in the spontaneous rate, m, shifts the entire response curve vertically. In preliminary analyses, we found that adaptation often caused statistically reliable changes in c 50 , R max , and/or m, but rarely affected n. We therefore fitted our contrast response data allowing c 50 , R max , and m to assume different values for the control and adapted data sets, but forcing n to assume a single value optimized jointly for both conditions. These fits described our data well, accounting for 93% of the variance on average. An example of the effect of adaptation on the contrast response function of an MT cell is shown in Figure 1C .
Effect of Adaptation on Contrast Gain in MT
Before adaptation (open symbols; thin line shows fit to the data), this cell fired above spontaneous rate at contrasts greater than ‫,30.0ف‬ and the response saturated at contrasts around 0.3. Adaptation shifted the contrast response function downward (closed symbols; thick line), due to a reduction in the spontaneous rate from 6.1 to 0.4 ips (leftmost open and closed symbols), and reduced the R max value from 79 to 54 ips. The range of contrasts that evoked a response from the cell was unchanged (c 50 increased from 0.13 to 0.15). However, adaptation that caused a substantial reduction in response gain without a change in contrast gain was atypical. Figure 1D shows data from a second, more representative cell, in which adaptation virtually eliminated the response at low contrasts (Ͻ‫)2.0ف‬ but had little effect on the response at full contrast. As a result, c 50 increased from 0.08 to 0.34 while R max decreased only slightly (from 118 to 106 ips). The main effect of adaptation in this case was thus a change in contrast gain.
As suggested by these examples, adaptation caused a change in both response and contrast gain in the population of MT cells studied with this paradigm (n ϭ 47). The population distributions for the effect of adapta- tion stimulus). If, on the other hand, adaptation has a We conclude that MT neuronal responsivity is affected direct effect on MT neurons, then the response of the significantly by adaptation, due primarily to a reduction cell would be reduced for all test stimuli, regardless in contrast gain.
of their position in the RF. We evaluated the spatial specificity of adaptation with stimuli half the diameter of the optimal size, which provided potent stimulus drive Spatial Specificity of Adaptation The change in MT contrast gain described in the precedto MT cells (65% Ϯ 4% of the response to the full RF stimulus; n ϭ 29). We measured responses to various ing section could be a direct effect on MT or could be due to effects occurring earlier in the visual system (e.g., contrasts of these stimuli presented to each of two subregions before and after adapting one subregion with a V1) (Ohzawa et al., 1982 (Ohzawa et al., , 1985 Bonds, 1991) . We distinguished between these possibilities by investigating the 40 s full-contrast grating. The sequence and duration of the test, adapt, and top-up stimuli were the same as spatial specificity of adaptation in the MT receptive field. Since adaptation stimuli presented to a subregion of with full RF adaptation: responses were considerably weaker after adaptation, due to a change in both rethe RF were only capable of reducing the response to colocalized test stimuli, the contrast gain effects we sponse (by a factor of 0.48) and contrast (by 3.8) gain. The effect of adapting one subregion of the RF and observe in MT are likely to reflect a change in the strength of feedforward inputs rather than a direct effect testing in another is shown in Figure 3B : the contrast response functions before and after adaptation look on the MT cell. The spatial specificity of adaptation thus suggests that the regulation of contrast gain occurs nearly identical. The data shown in Figures 3C and 3D show the same spatial specificity for adaptation in the early in the visual system and is inherited by subsequent areas, rather than occurring at multiple levels of the second region of the RF.
We characterized the adaptation effect for each subsystem. region of our population of cells in the same manner used for the full RF data (on average the fits captured describe the contrast-response functions in the previous sections, and its strength is determined by the conTo measure the effect of null adaptation on MT neurons, we recorded the response of neurons to the combitrast sensitivity parameter, c 50 , and a scaling factor, b, which sets the response gain of the subtractive term. nation of a fixed contrast (0.25), full RF grating drifting in the preferred direction combined with a grating of We found that the best fits were obtained by allowing the parameters R max and c 50 to vary between the prevarying contrast (0-0.75) drifting in the null direction. We compared responses to these compound stimuli before and postadaptation sets, while using a single value, optimized by the fitting routine, for the pre-and postadaptaand after null adaptation using our standard adaptation protocol. The response of an example cell to a 0.25 tion values of the other parameters (see Experimental Procedures). The fits accounted for 88% of the variance contrast preferred grating, as a function of increasing null grating contrast, is shown in Figure 5A null motion, with a consequent reduction in their ability to suppress the recorded cell's response to its preferred rightmost open symbol), the response of the cell was suppressed below the spontaneous firing rate (dashed stimulus. Although allowing the R max to vary improved the quality of fit, null adaptation had essentially no effect line). Null adaptation at full contrast had little effect on the response of the cell to the preferred grating alone on the response to low contrast, preferred stimuli presented alone-R max was unchanged by adaptation (geo-(leftmost closed symbol) or to the preferred grating combined with low contrast null gratings (closed symbols, metric mean of 1.09, p ϭ 0.32; Figure 5C ). Combined with our finding that preferred adaptation strongly rethick line), or on the spontaneous firing rate (dotted line). The suppression observed at null contrasts of 0.25 and duces the response to the same low-contrast preferred stimulus (by 68% on average; p Ͻ 0.001), these results above, however, was strongly reduced after adaptation. The reduced efficacy of opponent, inhibitory input caused the response to a counterphase grating to be strongly enhanced after null adaptation ( Figure 5D ), increasing on average from 10 to 22 ips (p ϭ 0.013). The enhanced counterphase response is a direct correlate of the flicker MAE (Mather et al., 1998) as the neurons' increased response rate signals the presence of motion in their preferred direction, opposite to that of the adaptation direction. As a result, we wished to determine whether the decay of the enhancement after the end of adaptation was similar to the decay of the MAE percept reported in human psychophysical studies. To this end, we recorded the response of a subpopulation of MT neurons (n ϭ 5) to a counterphase test stimulus before and after 40s of null adaptation. The test stimuli were 1s in duration and separated by 2-3s periods in which a blank screen was shown; no top-up adaptation was provided. We found that the response to the counterphase grating returned to its preadaptation level after an average of 18 Ϯ 4s, similar in duration to the MAE percept in human subjects measured with the continuous presentation of a counterphase grating test stimulus (up to 14s) (Ashida and Osaka, 1994). We conclude that null adaptation weakens the strength of opponent input to MT neurons, and that this effect can be explained by a change in the contrast gain of neurons tuned to the adaptation direction. Weakened inhibition, in turn, causes an enhanced response to motion-balanced stimuli such as counterphase gratings. Null adaptation has little effect on spontaneous firing or on the response to preferred stimuli.
Discussion
We find that MT neurons undergo substantial changes in responsiveness after adaptation, due primarily to a reduction in contrast gain with response gain being reduced to a lesser degree. Adaptation effects are specific for position in the RF, indicating that contrast gain can be regulated independently in different subregions of the RF and that contrast gain effects in MT are likely to reflect a change in the strength of feedforward input. Null adaptation has little effect on the response to preferred stimuli or on spontaneous firing, but reduces the ability of null motion to inhibit the response to a simultaneously presented preferred grating. As a result, the response to a counterphase grating increased substantially after null adaptation, apparently a direct correlate of the MAE.
Regulation of Contrast Gain in MT
Preferred adaptation has been shown to reduce the subsequent responsiveness of direction-selective units in strongly direction selective. Finally, the effect of pro-longed stimulation was evaluated using a test stimulus of fixed contrast, making it unclear whether adaptation caused a change in response gain or a functionally beneficial change in the cells' contrast gain.
Our finding is in broad agreement with these previous studies in that preferred adaptation reduces the responsiveness of MT cells. This is due primarily to a change in contrast gain, although adaptation also reduces response gain. In a number of cells, the substantial change in contrast gain resulted in a lack of response saturation after adaptation (e.g., Figures 3A and 3D) . As a result, the R max fits for these cells were not well constrained by the data. This was evident when we examined the fit error surfaces and found that a range of c 50 and R max combinations provided reasonable fits to the data. How- (p ϭ 0.03), even when new values of the other parameters were chosen by the fitting routine. Second, we estimated the changes in the maximum response rate in a of about three along the contrast axis, so that after second, model-independent manner-we calculated adaptation, roughly three times as much contrast is rethe ratio of the response at full contrast after adaptation quired to elicit a given preadaptation response-thus to the response before adaptation. The mean value of adaptation reduces "apparent contrast" by a factor of this response ratio was 0.65 for the full receptive field three. Finally, the inability of null adaptation to affect data (compared to 0.78 for the mean fitted R max value) the response to low-contrast preferred stimuli suggests and 0.61 for the colocalized condition in the spatial specthat the changes in contrast gain are direction tuned, a ificity experiments (compared to the mean R max value of perceptual effect first described by Sekuler and Ganz 0.67). This concordance suggests that our estimates of (1963). changes in R max accurately represent the modest decrease in firing rate observed at full contrast, and that Spatial Specificity of Adaptation changes in c 50 are therefore of much greater importance.
Spatially specific adaptation has previously been reThe contrast gain change we observed in MT is similar ported for both simple and complex cells in cat striate to that observed in previous studies in cat (Ohzawa et cortex ( The difference between this prediction and the inuli is reduced, not strengthened, after null adaptation, creased fMRI signal cited above may be due to a change due presumably to a change in the contrast gain of in the attentional state of the subjects when experienccells tuned to the null direction. In a recent study using ing the MAE (Huk et al., 2001 ). dynamic random dot stimuli, van Wezel and Britten (2002) reported that short periods (3 s) of null adaptation Does Extrastriate Cortex Adapt? had little effect on the response to zero coherence ranOur finding that changes in contrast gain in MT are likely dom dots. The difference between our results may be inherited from an earlier cortical area suggests that the due to the shorter adaptation period used in that study.
visual system uses an information processing strategy While inhibition between neurons tuned to opposite in which adaptation to a particular stimulus attribute directions is weakened, it remains possible that adaptaoccurs early in the processing stream, rather than at tion could strengthen inhibition between neurons tuned multiple levels of the system. Thus, just as adaptation to similar directions (Barlow, 1990). One form of this to luminance levels occurs in the retina (Shapley and inhibition may be the divisive, inhibitory input MT cells Enroth-Cugell, 1984), adaptation to contrast may occur are believed to receive from a population of other MT only in primary visual cortex and then be encoded in cells tuned to a wide range of directions (a "normalizathe output that V1 sends to other cortical areas. While tion" signal similar to that found in V1) (Heeger, 1992;  contrast adaptation in MT may be explained by effects Simoncelli and Heeger, 1998). Could it be that adaptaoccurring early in the visual system, it remains possible tion weakens opponent input, but strengthens this form that extrastriate neurons adapt to stimuli which drive of inhibitory input (Heeger, 1992 aptation does not cause a potentiation of inhibition-of The procedures used in our laboratory for single-unit recording
Data Analysis
We fit models to the data using the STEPIT algorithm (Chandler, in anesthetized, paralyzed macaque monkeys have been described in detail elsewhere (Cavanaugh et al., 2002) . Briefly, animals were 1969) to minimize the combined 2 error between the model predictions and the recorded responses. We fit the control and adapted premedicated with atropine (0.05 mg/kg) and diazepam (1.5 mg/kg) and initially anesthetized with ketamine HCl (10 mg/kg). Anesthesia data for each cell simultaneously. We considered several variants of each model by allowing different combinations of parameters to was maintained during recording by intravenous infusion of the opiate anesthetic sufentanil citrate (Sufenta, 4-8 g/kg/hr). To minivary between the control and adapted data sets; parameters that did not so vary were forced to assume a value that was jointly mize eye movements, the animal was paralyzed with intravenous infusion of vecuronium bromide (Norcuron, 0.1 mg/kg/hr). Vital signs optimal for both data sets (see Results). We assessed the goodness of fit of each variant by calculating the 2 error between the data (EEG, ECG, end-tidal PCO 2 , temperature, and lung pressure) were monitored continuously. The pupils were dilated with topical atroand the predicted response, and normalizing by the degrees of freedom in the model ( 
